Graphene, a two-dimensional monoatomic carbon sheet[@b1], has attracted tremendous interest due to its unique properties and potential for a wide variety of applications. The reported high thermal conductivity of suspended single layer graphene (1500 to 5800 W/mK)[@b2][@b3][@b4][@b5] is very inspiring, as it provides potential solutions to many technological barriers, such as the increasingly severe heat dissipation problem in microelectronics. Even for supported graphene, Seol *et al.*[@b6] have reported that the thermal conductivity at room temperature is \~600 W/mK, despite the phonon scattering due to the substrate. For graphene, the ultrahigh thermal conductivity is a combined effect of the large phonon group velocity and long phonon mean free path (MFP). The large group velocity is a result of the strong carbon-carbon bonds and the light carbon atoms. The large phonon MFP is due to the special two-dimensional phonon band structure, which makes satisfying the phonon scattering rules difficult[@b7]. This can even make the thermal conductivity divergent[@b7] -- a phenomena also observed in other low dimensional systems[@b8][@b9]. Due to the long intrinsic MFPs of some phonons, especially those long wavelength modes, thermal transport can be largely ballistic in pristine graphene depending on its size[@b10]. Phonons with intrinsic MFPs longer than the sample characteristic length will travel ballistically while those with intrinsic MFPs smaller than the characteristic length will transfer diffusively. Bae *et al.*[@b11] observed ballistic to diffusive crossover of heat conductance in graphene ribbons with different sizes.

However, there are many factors that can influence the thermal conductivity of graphene. Real graphene samples usually have grains with sizes ranging from \~O(10) μm to \~O(100) μm[@b12], and the grain boundaries can scatter phonons. However, phonons with MFPs smaller than 10 μm already contribute to a thermal conductivity of over \~3000 W/mK according to calculations[@b7]. When supported on substrates, the substrate-graphene interaction strongly scatters the out-of-plane (ZA) flexural modes and thus reduces the thermal conductivity[@b6]. Isotopes in graphene also scatter phonons, and it has been reported that thermal conductivity of graphene sheets composed of a 50:50 mixture of ^12^C and ^13^C is more than 2 times lower than that of the isotopically pure ^12^C graphene at 320 K[@b13]. Such scattering effects also strongly depend on the density and the clustering of isotopes[@b14]. Depending on the separation of defects, the phonon scattering process can be phase correlated[@b15] and phonons can even be localized[@b16]. Chemical groups, such as hydrogen[@b17][@b18][@b19], can also impact thermal conductivity through defect scattering. The thermal conductivity of hydrogenated graphene (referred to as GH in this work) has been studied using molecular dynamics (MD) simulations[@b17][@b19], and it has been calculated that the thermal conductivity of GH deceases by \~70% when the coverage of hydrogen reaches 30%. Functionalized graphene using patterned C~2~H~12~ groups have also been found to have thermal conductivity much lower than pristine graphene due to interface scattering and clamping effects[@b18].

However, lowering the thermal conductivity of graphene is actually of great interest to various applications. For example, the energy conversion efficiency of thermoelectric devices increases as thermal conductivity decreases[@b20]. It has been reported that the Seebeck coefficient of a single layer graphene is very high (100 μV/K)[@b6][@b21][@b22][@b23][@b24][@b25]. As a result, reducing thermal conductivity is important to achieving a high figure of merit, *ZT*. Similarly, tunable thermal conductivity in nanostructures is another attractive field with a number of great potential applications. It has been experimentally shown that the tuning of oxygen coverage on graphene is reversible[@b26][@b27], suggesting that not only can oxygen groups be used to decrease the thermal conductivity of graphene, but also that it is possible that the thermal conductivity of oxidized graphene can be actively manipulated.

Despite the extensive studies on thermal conduction in pristine graphene, the thermal transport of this very important derivative of graphene, graphene oxide (GO), has not been studied. Methods have been discovered to produce large-scale graphene from graphene oxide[@b28]. However, neither chemical[@b28] nor thermal reduction of oxygen[@b29] can remove oxygen groups from GO completely[@b30]. These oxygen groups covalently bind to the graphene surface, making it contain a mixture of *sp*^2^ and *sp*^3^ hybridized carbon atoms[@b31]. Such a feature leads to the special electrical and optical properties of GO[@b26][@b31][@b32][@b33], enabling a wide range of applications in the fields of energy[@b34][@b35][@b36][@b37][@b38][@b39][@b40], electronics[@b41][@b42][@b43], optics[@b31][@b32][@b44], biosensors[@b45], and photothermal cancer treatment[@b46]. The performance and lifetime of many of the above mentioned applications strongly depend on the thermal transport properties of GO, which influence the operating temperatures. As a result, a thorough understanding of how the oxygen groups affect the thermal transport in GO is imperative to applications involving both reduced graphene and GO.

In this work, we use large scale atomistic simulations to systematically investigate the roles of oxygen functional groups (with the focus on epoxy (-O-) group) on thermal transport in the in-plane direction of graphene. We use non-equilibrium molecular dynamics (NEMD) to calculate the thermal conductivity. The interatomic potential used is the reactive empirical bond order (REBO) potential parameterized for C-H-O systems (REBO-CHO)[@b47], which is an expansion of the original REBO potential[@b48][@b49]. The large-scale atomic/molecular massively parallel simulator (LAMMPS)[@b50] is used for all the simulations. More simulation details are discussed in the Method Section and the [Supporting Information](#s1){ref-type="supplementary-material"}, Sections 1 and 2.

Results and Discussion
======================

REBO-CHO potential for graphene oxide
-------------------------------------

To ensure that the REBO-CHO potential can capture the important characteristics of GO, we first validate it by comparing the calculated bond length, binding energy and phonon dispersion relation to those from first-principles density functional theory (DFT) calculations. We study one epoxy group absorbed at the bridge site of a carbon-carbon bond -- the most stable site of epoxy group adsorption[@b51] (see [Fig. 1a](#f1){ref-type="fig"}). We minimize the system energy using the REBO-CHO potential and DFT, respectively, to obtain the optimized structures of GO (see [Fig. 1a](#f1){ref-type="fig"}). The calculated binding energy of the epoxy group on graphene using the REBO-CHO potential is within \~11% of the DFT result and the bond length is within 5% (see the table in [Fig. 1a](#f1){ref-type="fig"}).

Phonon properties are important to the validity of our study on thermal transport. We use lattice dynamics to calculate the phonon dispersion relation of pristine graphene using the REBO-CHO potential and compare it to DFT results (see [Fig. 1b](#f1){ref-type="fig"}; calculation details are included in the [Supporting Information](#s1){ref-type="supplementary-material"}, Section 3). We can see that the acoustic phonons from these two calculations agree well with each other. Although the optical phonons are different, we believe that the REBO-CHO potential can simulate the thermal transport reasonably well in the current study given the correct phonon group velocities of the acoustic phonons which are the dominant heat carriers[@b7][@b52]. The difference in the structures of optical phonons might influence the phase space of the phonon-phonon scattering and thus the intrinsic thermal conductivity of pristine graphene. However, in this study, where defect scattering is expected to dominate the phonon scattering processes, the correctness of acoustic phonons should yield realistic thermal conductivity values. It is worth noting that there are reparameterized potentials for graphene to match the phonon dispersion. However, the interplay between structural properties and thermal transport is important in GO. As a result, the REBO-CHO potential which can capture the structural, binding and phonon properties simultaneously is chosen.

Ballistic thermal transport in graphene
---------------------------------------

We then use NEMD and the REBO-CHO potential to calculate the thermal conductivity of pristine graphene. For the pristine graphene with a length of *L* = 20.88 nm in the *x*-direction (see [Fig. 1c](#f1){ref-type="fig"}), the calculated thermal conductivity is 269.3 W/mK at 300 K, which is in good agreement with previous MD simulations using the REBO potential[@b53]. The definition of temperature we employ is the traditional equipartition-based relation. It is worth noting that MD is classical which does not include quantum effects. Relations between total energies expressed as quantum specific heat (based on Bose-Einstein distribution) and classical specific heat (based on Boltzmann distribution) are often employed for correcting quantum effects[@b9][@b54]. If we only consider the specific heat effect, all the thermal conductivity values in this work will be scaled by a same scaling factor, *dT~md~*/*dT~q~*, where *T~md~* is the temperature in the MD simulation and *T~q~* is the quantum counterpart, which will not influence the conclusions in our study. However, the phonon distribution also affects the phonon scattering rates[@b55][@b56]. To make data comparable to experimental results and results from quantum lattice dynamics calculations, both heat capacity and scattering should be corrected in MD simulations. In this work, we do not attempt to correct the quantum effects since the latter is not currently clear.

In NEMD simulations, the thermostats imposed at the ends of the sample will scatter phonons artificially and thus limit the phonon MFPs below the sample length. Phonons in graphene have a wide range of MFPs depending on their polarizations and wavelengths. If the intrinsic MFP of a phonon is much larger than the sample length, it can transmit ballistically. As the simulation domain length increases, some long wavelength phonons travel longer distances before scattered at the ends, resulting in an increase in the thermal conductivity[@b57][@b58][@b59]. We studied the thermal conductivity as a function of the sample length up to *L* = 3.5 μm. There is an obvious increase in the thermal conductivity as the sample length increases (see [Fig. 1d](#f1){ref-type="fig"}). Even with the sample length increased to 3.5 μm, thermal conductivity is still not converged, suggesting that some portion of the phonons can still travel ballistically in such large samples. This is consistent with the fact that thermal transport in 2D materials is divergent[@b2][@b3][@b7].

We further characterized the divergence by fitting the thermal conductivity as a function of length (*L*) using a power law, *κ* ∝ *L^β^*, where *β* is the divergence power. It is obvious that there are two distinct regions with different *β* divided by the length of \~300 nm. For graphene with lengths smaller than \~300 nm, the divergence power is 0.31 ± 0.02, which agrees reasonably with the result (0.27 ± 0.02) from a theoretical study on 2D nonlinear lattices, despite the fact that the nonlinear model did not include out-of-plane modes[@b60]. As the length of graphene become larger, the divergence power reduces to 0.10 ± 0.02. It is worth noting that the dividing length of \~300 nm agrees well with our extracted effective phonon MFP of \~211 nm using a gray model (see [Supporting Information](#s1){ref-type="supplementary-material"}, Section 4). However, since the magnitude of phonon MFPs spans a wide range, not all phonons become diffusive at the same length scale. In short graphene samples, majority of the phonons can have MFPs longer than the sample length and thus divergence power is large. As the sample length becomes longer, more and more phonons become diffusive and the divergence slows down.

If we assume that the thermal conductivity will eventually converge, we can extrapolate to infinite length using the available data[@b59], and we found a thermal conductivity of 925.9 W/mK (see [Supporting Information](#s1){ref-type="supplementary-material"}, Section 4, for details). This value falls within the range of other computational results (300--2000 W/mK) from Zhang *et al.*[@b61] and Khadem *et al.*[@b62] who used equilibrium MD and the Green-Kubo formula to calculate the thermal conductivity of graphene. Our value is lower than experimental results. This is likely due to the fact that REBO-CHO does not reproduce the optical phonons correctly, which would change the phase space for phonon-phonon scattering and thus change the phonon relaxation time. However, as mentioned earlier, in this study, the oxygen defect scattering is expected to dominate the phonon scattering instead of the phonon-phonon scattering, and thus good reproduction of acoustic phonon velocities will yield realistic thermal conductivity values.

Thermal transport in graphene oxide
-----------------------------------

We then calculate the thermal conductivity of GO with different oxygen coverages. GO samples with different oxygen coverages are generated by randomly placing oxygen atoms at the bridge sites of pristine graphene. The coverage is defined as the ratio of the oxygen to the carbon atoms. The energy of the GO sample is then minimized using the steepest descent algorithm before it is simulated at 300 K with a constant pressure and constant temperature ensemble (NPT) with the Nose-Hoover method applied for thermostating and barostating. This optimized sample is then used in NEMD to calculate the thermal conductivity (see Method Section and Section 1 in the [Supporting Information](#s1){ref-type="supplementary-material"} for more details). With the oxygen atoms attached to the graphene basal plane, the thermal conductivity decreases dramatically with oxygen coverage as shown by the filled red squares in [Fig. 2](#f2){ref-type="fig"}, where the sample length is *L* = 20 nm and the thermal conductivities are normalized against that of the pristine graphene (*κ*/*κ*~0~). At a coverage of 0.5%, the thermal conductivity is about 53% of that of the pristine graphene, while at a coverage of 20%, the thermal conductivity drops to only about 3% of that of the pristine case.

According to the solution of the phonon Boltzmann transport equation under the single mode relaxation time approximation[@b63], the thermal conductivity along a particular direction *x* (*κ~x~*) can be expressed as: where *v* is the phonon group velocity, *c* is the volumetric heat capacity per mode and *l* is phonon MFP, and the subscript "*x*" refers to projection along *x*. *k* and *λ* refer to the wavevector and polarization, respectively. For molecular dynamics simulations, the phonon system is in the classical limit, and thus the heat capacity per mode is a constant, *k~B~/V*, where *V* is the volume of the primitive cell. Thus the reduction in thermal conductivity is either due to reduction in MFP, reduction in group velocity, or some combination of the two.

In the case of GO, the presence of the oxygen adatoms can influence graphene through either a mass effect (added mass) or a bond deformation effect. Both of these can lead to a change in the local vibrational characteristics and thus an acoustic mismatch that scatters phonons and reduces the phonon MFP. As a comparative study, we calculate the thermal conductivity of "artificial" GO by lumping the masses of the oxygen adatoms to their bound carbon atoms. The masses of the selected carbon atoms are increased by half of the oxygen mass since each oxygen group attaches to two carbon atoms. For such mass-loaded graphene samples, the planar structure is preserved as shown in inset (c) of [Fig. 2](#f2){ref-type="fig"}, and there is a large decrease in the thermal conductivity as the coverage of mass defects increases (open red squares in [Fig. 2](#f2){ref-type="fig"}). We note, however, that the decrease is not as significant as that in the real GO case, which suggests that the deformation of the local bonding environment (see inset (a) in [Fig. 2](#f2){ref-type="fig"}) is important.

The difference between effects of an adatom and a simple mass mismatch is more obvious in hydrogenated graphene (GH). We calculate the thermal conductivity of GH as a function of the hydrogen coverage (filled blue circle in [Fig. 2](#f2){ref-type="fig"}) and compare it to the "artificial" GH with hydrogen mass added to the bound carbon atoms (open blue square in [Fig. 2](#f2){ref-type="fig"}). The mass defects result in much smaller change in the thermal conductivity of the mass-loaded graphene compared to the real GH where the hydrogen adatoms can significantly deform the graphene structures (see insets (b) and (d) in [Fig. 2](#f2){ref-type="fig"}). Comparing the two fictitious samples, it is clear that the larger mass mismatch in the GO can cause a larger reduction in the thermal conductivity -- a phenomenon that agrees with the Rayleigh defect scattering picture[@b64]. Although the mass mismatch effect in GH is much weaker, we found that the bond deformation in GH is as significant as that in GO (see Section 5 in the [Supporting Information](#s1){ref-type="supplementary-material"} for details). As a result, the thermal conductivity reduction in GH and GO are comparable in amplitude.

It is known that the oxidation of graphene leads to the conversion of carbon bonds from sp^2^ to sp^3^ bonding[@b30][@b31][@b51]. Such a change in the local bonding environment alters the dynamics of the carbon atoms as well as the planar structure of the pristine graphene. However, such an effect is not limited to the carbon atoms bound directly to the oxygen groups. We characterized the vibrational dynamics of the carbon atoms near the oxygen groups by calculating the vibrational power spectra (VPS) (see Method Section). The calculation is performed on a GO with one epoxy group to keep the analysis simple (see [Fig. 3e](#f3){ref-type="fig"}). [Figure 3a--d](#f3){ref-type="fig"} show the VPS of the carbon atoms in pristine graphene and those in GO with different distances from the oxygen group. Each VPS is obtained by averaging over all the equivalent carbon atoms.

We can clearly see that the vibration characteristics of the carbon atoms are altered due to the presence of the oxygen atom (see [Fig. 3a--d](#f3){ref-type="fig"}), and this effect extends to the third nearest neighbors of the oxygen defect (purple balls in [Fig. 3e](#f3){ref-type="fig"}). For the fourth nearest neighbors, the VPS closely resembles that of pristine graphene. The change in VPS leads to a local acoustic mismatch that scatters phonons. It is known that the defect-induced phonon scattering is a strong function of the size of the defects[@b14][@b65]. In GO, the oxygen groups influence the carbon atoms up to the third nearest neighbors, which effectively makes the defects much larger than the adatoms themselves, enhancing the phonon scattering effect.

We characterized the atomic level origins of the VPS change by calculating the bond strength and length of the carbon-carbon bonds around the oxygen atoms, normalized to the data from pristine graphene (see the table in [Fig 3e](#f3){ref-type="fig"}; calculation details can be found in Section 5 of the [Supporting Information](#s1){ref-type="supplementary-material"}). We find that the bond energy is reduced and the bond length is elongated for the carbon-carbon bonds immediately next to the oxygen atoms (bond 1 in [Fig. 3e](#f3){ref-type="fig"}). For the bonds next to bond 1 (bond 2 in [Fig. 3e](#f3){ref-type="fig"}), the bond energy is increased and the bond length is reduced. For bond 3 and bond 4 in [Fig. 3e](#f3){ref-type="fig"}, the bond energies and bond lengths converge to those in the pristine graphene, confirming the VPS results which suggest that the influence of the oxygen adatom extends to the third nearest neighboring carbon atoms (purple balls in [Fig. 3e](#f3){ref-type="fig"}). Similar observations are made for GH (see [Supporting Information](#s1){ref-type="supplementary-material"}, Section 6). While these observations are based on an isolated oxygen defect, it is worth further noting that at high coverages, the oxygen groups can be close to one another and the deformed regions can overlap, which essentially makes the deformation even larger as shown in inset (a) in [Fig. 2](#f2){ref-type="fig"}. This is expected to further enhance phonon-defect scattering, reducing the phonon MFP and subsequently the thermal conductivity.

It is also noted that the random adsorption of oxygen (hydrogen) atoms on both sides of the graphene plane (see insets (a) and (b) in [Fig. 2](#f2){ref-type="fig"}) can break the reflection symmetry about the graphene plane. According to ref. [@b7], this will induce more phonon-phonon scattering involving flexural modes, and thus decrease the thermal conductivity of GO (GH). We believe that the breaking of the reflection symmetry about the graphene plane in GO (GH) can also contribute to the sharp reduction of the thermal conductivity.

While these analyses show that oxygen defects induce additional phonon scatterings which consequently reduce the phonon MFPs, we also analyze their effects on phonon group velocity which is another factor that could influence the thermal conductivity. To characterize the group velocity of GO with different oxygen coverages, we perform a two-dimensional Fourier transform of the atomic velocities to obtain the phonon spectral energy density and visualize the phonon dispersion relation (see calculation details in the Method Section). [Figure 4](#f4){ref-type="fig"} shows the phonon dispersion relations of GO with oxygen coverages of 0.5%, 1% and 2.5% ([Fig. 4b--c](#f4){ref-type="fig"}) together with that of pristine graphene ([Fig. 4a](#f4){ref-type="fig"}). We can see that the slopes of acoustic branches of GO (highlighted in red), which are proportional to the group velocities of those modes, are almost identical to those in pristine graphene, suggesting that the absorption of oxygen adatoms does not significantly change the group velocities of acoustic phonons. To verify this statement quantitatively, we extract the average group velocities of the ZA flexural modes -- the dominant modes for thermal transport -- and found the values to be 4916.2 m/s, 4875.9 m/s, 4863.8 m/s and 4774.4 m/s for pristine graphene and GO with oxygen coverages of 0.5%, 1% and 2.5%, respectively. The changes are less than 3%, which cannot be responsible for the large thermal conductivity reduction observed. The same observation is made for GH (see [Supporting Information](#s1){ref-type="supplementary-material"}, Section 7). The line-widths of the spectral energy density peaks, which can be inferred by sharpness of the curves in [Fig. 4](#f4){ref-type="fig"}, are related to phonon lifetimes[@b66]. In the contours shown in [Fig. 4](#f4){ref-type="fig"}, the visualized dispersion curves become less sharp as the oxygen coverage increases, meaning that the phonons lifetimes become shorter. As the coverage increases beyond 2.5%, the spectral energy density peaks are so broadened that no clear dispersion curves can be identified, and these results are not shown. These observations confirm that it is the phonon-defect scattering, instead of the change in phonon group velocity, that dominates the thermal conductivity reduction in GO.

Quantifying phonon-defect scattering
------------------------------------

The above results of GO are obtained from samples with length *L* = 20 nm. As the sample length becomes longer, longer wavelength phonons can be accommodated. These long wavelength phonons can have different behaviors in defect scattering compared to shorter wavelength phonons. [Figure 5a](#f5){ref-type="fig"} shows the thermal conductivities of GOs with different oxygen coverages as a function of the sample length. Compared to pristine graphene (filled black squares in [Fig. 5a](#f5){ref-type="fig"}), the length effects of the GO thermal conductivity become much less significant when the coverage increases, meaning that the ballistic portion of thermal transport is supressed by defect scattering. For GO with oxygen coverages of 0.5%, 1% and 1.25%, the thermal conductivity increases modestly from *L* ≈ 20 nm to 80 nm, showing that there are some ballistic phonon transport features below 80 nm. However, the increase in thermal conductivity is much less for *L* \> 80 nm, meaning that the transport has already reached diffusive limit and that defects, instead of the boundaries, dominate phonon scattering in samples with lengths larger than 80 nm. For oxygen coverages of 2.5%, 5% and 15%, the thermal conductivity stays almost constant as the GO length increases from 20 nm to 320 nm, suggesting that with these high oxygen coverages, thermal transport is already fully diffusive in samples with lengths of 20 nm.

From [Fig. 5a](#f5){ref-type="fig"}, we can see that the thermal conductivities of GO samples are already well converged when their lengths reach 320 nm. The phonon MFP can be approximated using the Matthiessen\'s rule by combining the effects from different scattering mechanisms: where *l* is the effective phonon MFP, *l~ph~* is the free path due to intrinsic phonon-phonon scattering, and *l~d~* is the free path due to defect scattering. Combining Eq.s (1) and (2), we can extract *l~d~* as a function of the oxygen coverage from the converged thermal conductivities shown in [Fig. 5a](#f5){ref-type="fig"} using the gray model (details shown in the [Supporting Information](#s1){ref-type="supplementary-material"}, Section 8). As can be seen in [Fig. 5b](#f5){ref-type="fig"}, *l~d~* decreases dramatically from 58.3 nm to 3.6 nm as the oxygen coverage inceases from 0.5% to 20%. As a comparison, we calculated the average distance between oxygen defects (*D*) as a function of the coverage (*η*) as: where *A* is the area of GO and *n~carbon~* is the total number of carbon atoms ([Fig. 5b](#f5){ref-type="fig"}). We observe that *l~d~* values at all coverages are larger than *D*. This is because phonon-defect scatterings are different for phonons with different wavelengths. It is known that long wavelength phonons -- the major contributors to the thermal conductivity in graphene[@b7] -- tend to be less suspectible to local defects scattering. As a result, the *l~d~* extracted from the gray model is larger than the inter-defect distance. However, as the defect density increases, *l~d~* approaches to *D*, suggesting greater defect scatterings of the whole spectrum of phonons. This is likely related to the more significant structure deformation at higher defect coverages.

[Figure 5c](#f5){ref-type="fig"} shows the same data in [Fig. 5a](#f5){ref-type="fig"} from a different perspective by plotting the thermal conductivity as a function of oxygen coverage for samples with different lengths. We can see that for oxygen coverages below 2.5%, longer GO samples have a higher thermal conductivity, suggesting that some portion of the phonons can still transport ballistically in the length range studied. However, as the oxygen coverage increases, the increasing in thermal conductivity becomes less significant, because the increased defect scattering makes the ballistic portion smaller. As coverage passes 2.5%, strong defect scattering makes phonon transport fully diffusive as suggested by the collapse of the data for different lengths. At a coverage of 5%, the thermal conductivity is clearly sample length-independent, and the thermal conductivity is around 28.8 W/mK. At a coverage of 20%, this value is reduced to 8.8 W/mK.

It is usually thought that the lower bound of the thermal conductivity in a solid is the "amorphous limit" which is based on Einstein\'s model on the random walk of thermal energy[@b67][@b68][@b69]. This limit is usually thought describing the thermal transport in solid materials with completely disordered atomic morphology. In this amorphous limit, heat carriers are localized and the thermal energy of each atom is transferred to the neighboring sites during one half a period of atomic oscillation. However, with strong phonon scattering due to interfaces, this limit can be broken in layered materials[@b70]. For graphene, we calculate this minimal thermal conductivity and find a value of 11.6 W/mK (see [Supporting Information](#s1){ref-type="supplementary-material"}, Section 9). Surprisingly, the thermal conductivity of GO with a oxygen coverage of 20%, 8.8 W/mK, beats this amorphous limit. We believe that such an extremely low thermal conductivity is a result of the overlapping of the deformed regions at high oxygen coverages, which makes the scattering processes correlated and thus enhances the overall scattering effects. The correlated scattering is believed to be the reason of the low thermal conductivity found in nanowires which cannot be explained by uncorrelated scattering[@b16].

As mentioned earlier, since the oxygen defect scattering dominates the phonon scattering instead of the phonon-phonon scattering, the good reproduction of acoustic phonon group velocities of the REBO-CHO potential will yield realistic thermal conductivity values. Compared to the measured high thermal conductivity of pristine graphene (1500 to 5800 W/mK)[@b2][@b3][@b4][@b5], oxygen defects with a 20% coverage can reduce the thermal conductivity by 99.4--99.9%. Such a decrease could result in 170--660 times increase in thermoelectric *ZT* assuming no changes in electrical properties. Of course, adatoms will likely change the electron transport, but the reported high Seebeck coefficient of pristine graphene[@b6][@b21][@b22][@b23][@b24][@b25] and the significantly reduced thermal conductivity of graphene through oxidation presented in this work will definitely stimulate further research on the thermoelectric properties.

Conclusions
===========

In conclusion, we have found that the thermal conductivity of GO is very tightly related to the coverage of oxygen groups. At a coverage of 0.5%, the thermal conductivity of GO is decreased by \~50% compared to that of pristine graphene. As the coverage increases, the thermal conductivity further decreases, and the achieved minimum thermal conductivity of GO is 8.8 W/mK -- lower than the predicted minimal thermal conductivity (11.6 W/mK) at the amorphous limit. The results suggest that we can manipulate the thermal transport in graphene through oxidation to reach the two extremes: ballistic limit and amorphous limit. Our spectral analyses indicate that the reduction of thermal conductivity is due to strong defect scattering instead of changes in the phonon group velocities. Atomic level analyses show that the oxygen adatoms alter the local bonding environment of carbon atoms and thus lead to acoustic mismatch, which scatters phonons. The bond deformation makes the effective defect size much larger than the adatom itself, and at high coverages, the deformed regions can overlap, which further enlarges the defect size. Also, the breaking of reflection symmetry about graphene plane can be another reason for the reduction of thermal conductivity. The results from this study provide important insight into the thermal transport in GO -- an important material for a wide range of applications. The predicted thermal conductivity provides valuable guidance to the design of GO-based composite material and devices, especially the thermal management of GO-based energy, electronic and photonic devices. By actively manipulating oxidation of graphene, the thermal conductivity can be effectively tuned. Considering that the thermal conductivity in nature only spans five orders of magnitude, the tunability displayed by GO is enormous. The significantly reduced thermal conductivity of GO can potentially lead to highly efficient thermoelectric applications.

Methods
=======

Molecular dynamics simulation
-----------------------------

We use NEMD to systematically calculate the thermal conductivity of pristine graphene, GO and GH. LAMMPS[@b50] is used for all the simulations. We use the reactive bond order (REBO) potential parameterized for C-H-O systems[@b47], which is an expansion of the original REBO[@b48][@b49] potential. The REBO-CHO potential has been proven to reproduce the structural properties and binding energies of C-H-O molecules. We have also validated our implementation of the REBO-CHO potential in LAMMPS by successfully reproducing the bond length of some common molecules containing C, H, O atoms (see [Table S1 in Supporting Information](#s1){ref-type="supplementary-material"}, Section 3).

We generate the GO and GH samples by randomly placing oxygen and hydrogen atoms on both sides of pristine graphene. The total molecular energies of the GO and GH samples are then minimized using the steepest descent algorithm before it is simulated at 300 K with a constant pressure and constant temperature (NPT) ensemble, which uses Nose-Hoover method[@b71][@b72] for thermostating/barostatting. During the course of simulation, there can be some hydrogen atoms detaching from the GH samples. These atoms are removed periodically until a steady state coverage is reached. After the optimized structure is obtained, we freeze the atoms at the ends of the structure and run the simulation in a constant volume and constant temperature ensemble (NVT) for 50 ps or 25 ps (the former time is used for pristine graphene and the latter time is used for GO and GH) on the rest of the atoms. We then create a temperature gradient across the simulation supercell by setting the temperatures of the two ends (excluding the fixing atoms) at different values using Langevin thermostats[@b73] and isolated boundary conditions are used in the *x*-direction. Except the fixed ends, the rest of the atoms are simulated in a constant volume and constant energy ensemble (NVE). Due to the temperature difference, heat flows from the heat source to the heat sink across the sample. Energies added into the heat source and subtracted from the sink are recorded. When steady state is reached, the temperature gradient (*dT*/*dx*) is obtained by fitting the linear portion of the temperature profile, and heat flux (*J*) is calculated using *J* = (*dQ*/*dt*)/*S*, where *dQ*/*dt* is the average of the energy input and output rates in the thermostated regions, and *S* is the cross-sectional area. At last, the thermal conductivity (*κ*) is calculated by Fourier\'s law, *κ* = −*J*/(*dT*/*dx*). For the NEMD simulations, a time step of 0.5 fs is used for pristine graphene and 0.25 fs is used for GO and GH calculations. More details of the simulations can be found in the [Supporting Information](#s1){ref-type="supplementary-material"}, Section 1.

Vibrational power spectrum
--------------------------

The VPS is calculated by taking the Fourier transform of the autocorrelation of the atomic velocity: where *ω* is the frequency, *t* is the correlation time and is the velocity autocorrelation function.

Spectral energy density
-----------------------

The phonon spectral energy density is computed by taking a two-dimensional Fourier transform of the atomic velocity: where *v~α~(n, t)* is the atomic velocity, *ω* the frequency, *k is* the wavevector, *n* is the index of carbon atoms sorted by the *x*-coordinate, *N* is the number of carbon atoms, and *m* is the mass of a carbon atom.
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![(a) The optimized structure of GO calculated by DFT and the REBO-CHO potential. The cyan balls represent carbon atoms and the red ball represents an oxygen atom. The table shows the calculated binding energy and bond length of the C-O bond using DFT and REBO-CHO. (b) The phonon dispersion relation of pristine graphene calculated by lattice dynamics using DFT and REBO-CHO. (c) A representative NEMD setup for thermal conductivity calculation. (d) The thermal conductivity of pristine graphene as a function of simulation domain length. Graphene thermal conductivity diverges as \~L^0.31^ at lengths smaller than 300 nm and diverges as \~L^0.10^ at lengths larger than 300 nm.](srep03909-f1){#f1}

![The relationship between thermal conductivity and the coverage of (a) oxygen adatoms (red line with solid red square); (b) hydrogen adatoms (blue line with solid blue circle); (c) mass defects mimicking oxygen atom weight (red line with open red square); (d) mass defects mimicking hydrogen atom weight (blue line with open blue circle).\
Insets show the representative structures from the simulations. Cyan balls represent carbon atoms, red balls represent oxygen atoms and artificial oxygen atoms, and blue balls represent hydrogen atoms and artificial hydrogen atoms. The sample length is L = 20 nm for all cases.](srep03909-f2){#f2}

![(a), (b), (c) and (d) show the VPS of carbon atoms in GO with different distances from the oxygen atom and the VPS of the carbon atoms in pristine graphene.The cyan balls represent carbon atoms and the red ball represents an oxygen atom. The table shows the calculated binding energy and bond length of the C-O bond using DFT and REBO-CHO. (b) The phonon dispersion relation of pristine graphene calculated by lattice dynamics using DFT and REBO-CHO. (c) A representative NEMD setup for thermal conductivity calculation. (d) The thermal conductivity of pristine graphene as a function of simulation domain length. Graphene thermal conductivity diverges as \~L^0.31^ at lengths smaller than 300 nm and diverges as \~L^0.10^ at lengths larger than 300 nm.The green line in (a) represents the VPS of the carbon atoms that are directly bound to the oxygen atom (green balls in (e)); the blue line in (b) represents the VPS of the carbon atoms that are the second nearest neighbors to the oxygen atom (blue ball in (e)); the purple line in (c) represents the VPS of the carbon atoms that are the third nearest neighbors to the oxygen atom (purple ball in (e)); the red line in (d) represents the VPS of the carbon atoms that are the fourth nearest neighbors to the oxygen atom (red ball in (e)). The black lines in all spectra represent the VPS of the carbon atoms in pristine graphene. (e) The local structure of GO with one epoxy group. The black ball represents the oxygen atom, and the green, blue, purple, red and cyan ball represent carbon atoms with different distances from the oxygen atom. The table shows the calculated bond lengths and binding energies of the carbon-carbon bonds in GO, which are normalized against those values in pristine graphene. Bond 1 refers to the bonds between the green and blue balls; bond 2 refers to the bonds between blue and purple balls; bond 3 refers to the bonds between purple and red balls and bond 4 refers to the bonds between red and cyan balls.](srep03909-f3){#f3}

![Phonon dispersion relations of (a) pristine graphene; GO with coverage of (b) 0.5%, (c) 1% and (d) 2.5%.\
The three acoustic branches are highlighted in red.](srep03909-f4){#f4}

![(a) The thermal conductivities of GO with different oxygen coverages as functions of sample length.(b) The estimated phonon free path due to defect scattering and average distances between oxygen defects at different oxygen coverages. (c) The thermal conductivities of GO with different lengths as functions of oxygen coverage. The red dashed line indicates the predicted minimal thermal conductivity of pristine graphene at the amorphous limit.](srep03909-f5){#f5}
